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(57) A projection optical system that projects an Im- 
age on a first plane onto a second plane through a plu- 
rality of lenses includes: a first lens group that is ar- 
ranged in an optical path between the first plane and the 
second plane and has a negative refractive power, a 
second lens group that is arranged in the optical path 
between the first lens group and the second plane and 
has a positive refractive power, a third lens group that 
is arranged in the optical path between the second lens 
group and the second plane and has a negative refrac- 
tive power, a fourth lens group that is arranged in the 
optical path between the third lens group and the second 
plane and has an aperture stop in the optical path, and 
a fifth lens group that is arranged in the optical path be- 
tween the fourth lens group and the second plane and 
has a positive refractive power. An clear aperture of a 
lens surface or an outer diameter of a lens of the plurality 
of lenses in the projection optical system as a relative 
maximum in the second lens group, a minimum in the 
third lens group, and a relative maximum in the third- 
fifth lens groups, and has only once significant minimum 
between the first plane and the second plane. At least 
one of the plurality of lenses is held such that at least 
one of a position and an orientation of the lens is adjust- 
able, and a numerical aperture of the second plane of 
the projection optical system is equal to or more than 
0.8. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] This invention relates to projection exposure apparatus and method and a projection optical system optimum 
for trie projection exposure apparatus, which are used for producing micro devices, such as semiconductor integrated 
circuits, image pickup elements such as a CCD, liquid crystal displays, and thin film magnetic heads, with lithography 
10 techniques. 

Background of the Related Art 

[0002] In recent years, as circuit patterns of micro devices, such as semiconductor integrated circuits, have become 
15 more minute, a wavelength of an illumination light for exposure (exposure light) used in an exposure device, such as 
a stepper, has continuously become shorter. In other words, for the exposure light, a KrF excimer laser beam (wave- 
length: 248 rim) has become mainstream, instead of an Wine (wavelength: 365nm) of a mercury lamp, which had been 
used conventionally. In addition, the use of an ArF excimer laser beam that has an even shorter wavelength has been 
achieved. Moreover, for the purpose of making the exposure light shorter, the use of, for example, a halogen molecular 
20 laser such as an F2 laser (wavelength: 157nm) has been considered. 

[0003] As an ultraviolet or vacuum ultraviolet fight source, there are the above-described excimer laser, halogen 
molecular laser, and the like. However, materials that transmit radiated ultraviolet or vacuum ultraviolet beams are 
limited. Thus, only limited materials can be used for lens elements that structure the projection optical system, and the 
trartsmissivity of such limited material is not high. Currently, the performance of an anti-reflective coating provided on 
2S the surface of lens elements is not very high compared with that for longer wavelengths. Furthermore, recently, with 
the changes in illumination conditions in illumination optical systems and changes in environment of the projection 
optica] system. It has been required to control the changes in image forming performance in the projection optical 
system. 

30 SUMMARY OF THE INVENTION 

[0004] Therefore, it is an object of this invention to provide a projection optical system that not only has an excellent 
image forming performance at the initial conditions, but also can maintain the excellent image forming performance 
even when the illumination conditions and/or the environment is/are changed. 

35 [0005] To achieve the above objects, a first projection optical system of this invention is a projection optical system 
that projects an image on a first plane onto a second plane through a plurality of lenses and includes, from the first 
plane, a first lens group having a negative refractive power, a second lens group having a positive refractive power, a 
third lens group having a negative refractive power, a fourth lens group, and a fifth lens group having a positive refractive 
power. An clear aperture of a lens surface or an outer diameter of a lens in the projection optical system, from a direction 

40 from the first plane to the second plane, monotonicalty increases in the first lens group, tea a tendency to change from 
increasing to decreasing in the second lens group, has a tendency to change from decreasing to increasing in the third 
lens group, and monotoni colly decreases in the fifth lens group. Where an clear aperture of a surface having the largest 
clear aperture or an outer diameter of a lens having the largest outer diameter in the second lens group is Mx2 and 
where an clear aperture of a surface having the smallest dear aperture or an outer diameter of a lens having the 

45 smallest outer diameter in the third lens group is Mn3, 

1.7<Mx2/Mn3<4 

50 is satisfied. At least one of the plurality of lenses is held such that at least one of its position and orientation (trim) is 
adjustable, and a numerical aperture of the second plane of the projection optical system is equal to or more than 0.8. 
[0006] In addition, to achieve the above objects, a second projection optical system of this invention is a projection 
optical system that projects an image on a first plane onto a second plane through a plurality of lenses and includes, 
from the first plane, a first lens group having a negative refractive power, a second lens group having a positive refractive 

55 power, a third lens group having a negative refractive power, a fourth lens group, and a fifth lens group having a positive 
refractive power. An clear aperture of a lens surface or an outer diameter of the second and fourth lenses from the first 
plane among the plurality of lenses in the projection optical system monotonicalty increases. An clear aperture of a 
lens surface or an outer diameter of a lens in the projection optical system has a tendency to change from increasing 
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to decreasing In 1ha second lens group, has a tendency to change from decreasing to Increasing in the third lens group, 
and monotonicafly decreases in the fifth lens group. Where an dear aperture of a surface having the largest dear 
aperture or an outer diameter of a lens having the largest outer diameter in the fourth lens group is Mn4 and where an 
clear aperture of a surface having the smallest clear aperture or an outer diameter of a lens having the smallest outer 
s diameter In the fourth lens group is Mx4, 

0.77 < Mn4/Mx4 < 1 

10 i$ satisfied. At least one of the plurality of lenses is held such that at least one of its position and orientation(trim) is 
adjustable, and a numerical aperture of the second plane of the projection optical system Is equal to or more than 0.8. 
[0007] Furthermore, to achieve the above objects, a third projection optical system of this Invention is a projection 
optical system that projects an Image on a first plane onto a second plane through a plurality of lenses and indudes, 
from the first plane, a first lens group having a negative refractive power, a second lens group having a positive refractive 

is power, a third lens group having a negative r e frac ti ve power, a fourth lens group having an aperture stop in the optical 
path, and a fifth lens group having a positive refractive power. An clear aperture of a lens surface or an outer diameter 
of a lens in the. plurality of lenses in the projection optical system has a relative maximum in the second lens group, a 
relative minimum in the third lens group, and a relative maximum In the third through fifth lens groups. The dear aperture 
or outer diameter has one significant minimum (prominence minimum) between the first plane and the second plane. 

20 At least one of the plurality of lenses is held such that at least one of a position and orientation is adjustable, and a 
numerical aperture of the second plane of the projection optical system Is equal to or more than 0.8. 
[0008] In this invention, when comparing sizes of a plurality of lenses in a direction of diameter, the "dear aperture* 1 
of a lens and the "outer diameter 0 of a lens have substantially the same meanings. An outer diameter of a lens is 
normally a value in which a width for holding the lens is added to an dear aperture of the lens. The width for holding 

25 the lens does not change greatly between the plurality of lenses structuring the projection optica] system since it is 
limited to a size with which the lens is stably held, but which is not unnecessarily large. Therefore, for comparing the 
size of lenses In the plurality of lenses in a direction of the diameter, It is possible to use the terms "dear aperture" and 
"outer diameter 0 with the same meaning. However, when comparing the size of a lens in the direction of diameter using 
the term "outer diameter", lenses whose outer cfiameler is enlarged or made smaller with respect to the effective di- 

30 ameter of the lens for no reason are not to be included in the conditions established in this invention. 

BRIEF DESCRIPTION OF DRAWINGS 
[0009] 

35 

Fig. 1 is an optical path diagram of a projection optical system of a first embodiment of this invention. 
Fig. 2 is an optical path diagram of a projection optica) system of a second embodiment of this invention. 
Fig. 3 is an optical path diagram of a projection optical system of a third embodiment of this invention. 
Fig. 4 shows various aberration diagrams of the projection optical system of the first embodiment of this invention. 
40 Fig. S shows various aberration diagrams of the projection optical system of the second embodiment of this inven- 

tion. 

Fig. 6 shows various aberration diagrams of the projection optical system of the third embodiment of this invention. 
Fig. 7 shows lateral aberration diagrams of the projedion optical system of the first embodiment of this invention. 
Fig. 8 shows lateral aberration diagrams of the projection optical system of the second embodiment of this invention. 
45 Fig. 9 shows lateral aberration olagrams of the projection optica] system of the third embodiment of this invention. 

Fig. 10 is a structural diagram of an exposure apparatus according to embodiments of this invention. 
Fig. 11 is a control block diagram for correction of imaging charaderistics. 

Fig. 12 are diagrams showing an example of a mechanism that drives lenses using a driving element 
Fig. 13 is a diagram showing another example of the mechanism that drives lenses. 
so Fig. 14 are diagrams explaining a concept of corroding center asphericai component 

Fig. 1 5 is a diagram showing an example of a lens structure and an example of an arrangement of lenses whose 
position and orientation can be adjusted, applied to the projection optical system in the embodiments of this in- 
vention. 

Fig. 16 is a diagram showing another example of a lens structure and an example of an arrangement of lenses 
55 whose position and orientation can be adjusted, applied to the projection optical system in the embodiments of 

this invention. 

Fig. 17 is a diagram showing another example of a lens structure and an example of an arrangement of lenses 
whose position and orientation can be adjusted, applied to the projection optical system in the embodiments of 
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this Invention. 

Fig. 1 8 is a diagram snowing an example of a structure of an exrimer laser used as a light source of a projection 
exposure apparatus. 

Fig. 19 is a flow chart showing an example of a method for manufacturing a micro device according to the embed - 
s i merits of this invention. 

Fig. 20 is a flow chart showing another example of a method for manufacturing a micro device according to the 
embodiments of this Invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

10 

[0010] An embodiment of this invention is described below with reference to drawings. Figs. 1-3 are light path dia- 
grams of projection optical systems according to the first-third embodiments. In Figs. 1-3, the projection optical systems 
of the embodiments are of a dioprtic type that forms a reduced image of a pattern located on a first plane A onto a 
second plane B. If these projection optical systems are used in. for example, a projection exposure apparatus for 
15 manufacturing semiconductor devices, a pattern surface of a reticle R is positioned as an original for projection (mask) 
on the first plane A, and an application surface (exposure surface) for a photoresist of a wafer W that is an exposed 
substrate is positioned as a workplace on the second plane B. 

[0011] The projection optical system has. from the first plane A, a first lens group G1 having a negative refractive 
power, a second tens group (32 having a positive refractive power, a third lens group G3 having a negative refractive 
?o power, a fourth lens group, and a fifth lens group G5 having a positive refractive power. An aperture stop is positioned 
between the third lens group G3 and the second plane B. in the example shown in Figs. 1-3. an aperture stop is 
positioned in a light path of the fourth lens group G4. Trie numerical aperture on a side of the second plane B of the 
projection optical system is equal to or more than 0.8. 

[0012] An clear aperture of a lens surface in the projection optical system, in a direction from the first plane A towards 
25 the second plane B, monotonically increases in the first lens group G1 , tends to change from increasing to decreasing 
in the second lens group G2, tends to change from decreasing to increasing in the third lens group G3. and monoton- 
ically decreases in the fifth lens group G5. Alternatively, it can be structured, such that the clear aperture of the lens 
surface of the second through fourth lenses from the first plane A in a plurality of lenses in the projection optical system 
monotonically increases, while the clear aperture of the lens surface in the projection optical system, in a direction 
30 from the first plane A towards the second plane B, tends to change from increasing to decreasing in the second lens 
group G2, tends to change from decreasing to increasing in the third lens group G3, and monotonically decreases in 
the fifth lens group G5. The second lens group G2 and the third lens group G3 can effectively contribute to the Petzval 
sum. 

[001 3] In addition, the clear aperture of the lens surface of the plurality of lenses in the projection optical system has 
35 a relative maximum in the second lens group G2, a relative minimum in the third lens group G3, and a relative maximum 
in the third lens group G3 through the fifth lens group G5, while it has only one significant minimum between the first 
plane A and the second plane B. That is, the projection optical system of this embodiment is a single waist type Image 
forming optical system. Moreover, by providing the lens structure having only one significant minimum between the 
first plane A and the second plane B, the number of lenses can be reduced, resulting in a short glass path length, and 
40 thus reducing the number of lens surfaces. 

[0014] In the examples shown in Figs. 1-3, among air (gas) lenses that the plurality of lenses in the projection optical 
system form, a gas lens positioned closest to the first plane A has a biconvex shape- The first lens group G1 has at 
least one negative lens. The second tens group G2 has at least one negative lens and at least three positive lenses. 
The third lens group G3 has at least two negative lenses. The fifth lens group G5 has at least four positive lenses. 
45 [001 5] In the projection optical system according to each embodiment of this invention, where Mx2 is an clear aperture 
of a lens surface of a lens having the largest clear aperture in the second lens group G2, and where Mn3 is an clear 
aperture of a lens surface of a lens having the smallest clear aperture in the third lens group G3, the following condition 
(1) is satisfied. 

m 1.7<Mx2/Mn3<4 (1) 

[0016] If the upper limit of the condition (1 ) is exceeded, correction of off-axis aberration becomes difficult, and if the 
lower limit is exceeded, it is undesirable in terms of correction of chromatic aberration. Preferred boundary values for 
55 the upper and lower limits are 3.2 and 1 .85, respectively. 

[0017] Furthermore, where Mx4 is an clear aperture of a lens surface of a lens having the largest clear aperture in 
the fourth lens group G4. and where Mn4 is an clear aperture of a lens surface of a lens having the smallest clear 
aperture in the fourth lens group G4. the following condition (2) is satisfied. 
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0.77 < Mn4 / Mx4 < 1 


(2) 


[0018] The condition (2) specifies a structure of an optical system that has only one significant minimum between 
s the first plane A and the second plane B, which is desirable for correcting chromatic aberrations. If the condition (2) is 
not met, H is not preferred for the correction of chromatic aberration. A preferred boundary value for the lower limit is 
0.8. The upper limit value for this equation is 1 since the condition is smallest/largest. 

[0019] In addition, it is preferred that at least one lens in the plurality of lenses in the projection optical system has 
a lens surface with an aspherical shape. With this aspherical effect, it is possible to secure stability with respect to 
10 environmental changes and sufficient transmissivity, while keeping the initial image forming performance high. 

[0020] In this case, the plurality of lenses in the projection optical system preferably include a first aspheric lens 
having an aspherical shaped lens surface, and a second aspheric lens having an aspherical shaped lens surface. 
Where D1 is an clear aperture of the lens surface of the first aspheric lens, and where D2 is an dear aperture of the 
second aspheric lens, it is preferred that the following condition (3) be satisfied. 


[0021] The condition (3) specifies a structure in which the diameter of an aspherical surface provided in the projection 
20 optical system does not become extremely large. If the condition (3) is not satisfied, the diameter of the aspherical 
surface provided in the projection optical system becomes too large, so that the production of the aspherical surface 
becomes difficult, or in cases impossible, which is not preferred in terms of the manufacturing of the projection optical 
system. 

[0022] In the projection optical system according to each embodiment of this invention, at least one lens among the 
2S plurality of lenses is held such that at least one of its position and orientation(trim) is adjustable. By adjusting at least 
one of the position or orientation of the lens, the image forming performance of the projection optical system can be 
corrected. 

[0023] In the examples shown in Figs. 1-3, at least one lens in each of the first lens group G1, second lens group 
G2 and third lens group G3 is held such that at least one of its position and orientation is adjustable. In addition, at 

30 least one lens positioned between the first plane A and a lens surface having the smallest clear aperture or a lens 
having the smallest outer diameter In the second lens group G2, and at least one lens positioned between the second 
plane B and a lens surface having the smallest clear aperture or a lens having the smallest outer diameter in the second 
lens group G2, are held such that at least one of the position and orientation is adjustable. Furthermore, at least one 
lens of the plurality of lenses in the projection optical system that is positioned closer to the first plane A than the 

35 aperture stop AS, and at least one lens of the plurality of the lenses in the projection optical system that is positioned 
closer to the second plane B than the aperture stop AS, are held such that at least one of its position and orientation 
is adjustable. 

[0024] In this case, it is preferred that a lens having an aspherical shaped lens surface be held such that at least 
one of its position and orientation is adjustable. By doing so, imaging characteristics of the projection optical system 
40 can be well corrected. 

[0025] Moreover, in the projection optical system according to each embodiment of this invention, at least one lens 
positioned between the first plane A and the lens surface having the smallest dear aperture or the lens having the 
smallest outer diameter in the second lens group G2, and at least one lens positioned between the second lens surface 
B and the lens surface having the smallest clear aperture or the lens having the smallest outer diameter in the second 

<5 lens group G2, preferably have a lens surface that is rotationally asymmetric with respect to the optical axis and are 
held such that at least one of Hs position and orientation is adjustable. Alternatively, at least one lens of the plurality of 
lenses in the projection optical system that is positioned closer to the first plane A than the aperture stop AS. and at 
least one lens of the plurality of lenses in the projection optical system that is closer to the second plane B than the 
aperture stop AS, preferably have a lens surface that is rotationally asymmetric with respect to the optical axis, and 

so are held such that at least one of Hs position and orientation is adjustable. By adjusting at least one of the position and 
orientation of the lens having a lens surface that is rotationally asymmetric with respect to the optical axis, center 
astigmatism (astigmatism difference on axis) components and anisotropic distortions of the projection optical system 
can be corrected. 

[0026] Next, numerical values used in an embodiment of the projection optical system according to this invention 
55 are described. 

[0027] Fig. 1 is an optical path diagram of the projection optical system according to the first embodiment. The 
projection optical system of this embodiment uses 248.4nm as a standard wavelength. All of the light transmissive 
refractive members (lenses L11-L55) in the projection optical system are formed of silica glass (synthetic silica). 


15 


0.8<D1/D2< 1.2 


(3) 
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[0028] As shown In Fig, 1 f the projection optical system of the first embodiment has, In order from the first plane A, 
a first lens group G1 having a negative refractive power, a second lens group G2 having a positive retractive power, 
a third lens group G3 having a negative refractive power, a fourth lens group G4 having an aperture stop AS in the 
optical path, and a fifth lens group G5 having a positive refractive power. An clear aperture of a lens surface in the 

5 projection optical system, in a direction from the first plane A towards the second plane B, monotonicaliy increases in 
the first lens group G1, tends to change from increasing to decreasing in the second lens group G2, tends to change 
from decreasing to increasing in the third lens group G3, and monotonicaliy decreases in the fifth lens group G5.ln 
addition, the dear aperture of the lens surface in the projection optical system becomes a relative maximum in the 
second lens group G2, a relative minimum in the third lens group G3, and a relative maximum in the third lens group 

10 G3 through the fifth lens group G5, while it has only one significant minimum between the first plane A and the second 
plane B. 

[0029] From the first plane A, the first lens group G1 has a plano-concave negative lens L11 with Its concave surface 
facing toward the second plane B and a meniscus negative lens L12 with its concave surface facing toward the first 
plane A. Between these negative lenses L11 and L12, a biconvex air (gas) lens is formed. A lens surface ASP1 on the 

is second plane B of the negative lens L11 is formed in an aspherical shape. 

[0030] The second lens group G2 has two meniscus negative lenses L21 and L22 with their concave surfaces facing 
toward the first plane A, two biconvex positive lenses L23 and L24, two meniscus positive lenses L25 and L26 with 
their convex surfaces facing toward the first plane. A lens surface ASP2 on the second plane B of the positive lens 
L25 is formed of an aspherical shape. 

20 [0031] The third lens group G3 has, from the first plane A f a plano-concave negative lens L31, three biconcave 
negative lenses L32-L34, and a meniscus negative lens L35 with its concave surface facing toward the first plane A. 
A lens surface ASP3 on the second plane B side of the negative lens L34 is formed in an aspherical shape. 
[0032] The fourth lens group G4 has, from the first plane A, a plano-convex positive lens L41 with its convex surface 
facing toward the second plane B, a biconvex positive lens L42, a biconcave negative lens L43, and a biconvex positive 

25 lens L44. 

[0033] The fifth lens group G5 has, from the first plane A, a biconvex positive lens L51, three meniscus positive 
lenses L52-L54 with their convex surfaces facing toward the first plane A, and a plane-parallel plate. A lens surface 
ASP4 on the second plane B of the positive lens L53 is formed of an aspherical shape. 

[0034] Rg. 2 is an optical path diagram of the projection optical system of the second embodiment. The projection 
30 optical system of this embodiment uses 248.4nm as a standard wavelength. In the second embodiment, all of the light 
transmlsslve refractive members (lenses L11-L55) in the projection optical system are formed of a silica glass (synthetic 
sflica). 

[0035] As shown in Rg. 2, the projection optical system of the second embodiment has, in order from the first plane 
A, a first lens group G1 having a negative refractive power, a second lens group G2 having a positive refractive power, 

35 a third lens group G3 having a negative refractive power, a fourth lens group G4 having an aperture stop AS in the 
optical path, and a fifth lens group G5 having a positive refractive power. An clear aperture of a lens surface in the 
projection optical system, in a direction from the first plane A towards the second plane B, monotonicaliy increases in 
the first lens group G1, tends to change from increasing to decreasing in the second lens group G2, tends to change 
from decreasing to increasing in the third lens group G3, and monotonicaliy decreases in the fifth lens group GS.In 

40 addition, the clear aperture of the lens surface in the projection optical system becomes a relative maximum in the 
second lens group G2, a relative minimum in the third lens group G3, and a relative maximum in the third lens group 
G3 through the fifth lens group G5, while it has only one significant minimum between the first plane A and the second 
plane B. 

[0036] From the first plane A, the first lens group G1 has a piano-concave negative lens L11 with its concave surface 
45 facing toward the second plane B and a meniscus negative lens L12 with its concave surface facing toward the first 
plane A. Between these negative lenses L11 and L12, a biconvex air (gas) lens is formed. A lens surface ASP1 on the 
second plane B of the negative lens L11 is formed in an aspherical shape. 

[0037] The second lens group G2 has two meniscus negative lenses L21 and L22 with their concave surfaces facing 
toward the first plane A, two biconvex positive tenses L23 and L24, two meniscus positive lenses L25 and L26 with 
so their convex surfaces facing toward the first plane. A lens surface ASP2 on the second plane B of the positive lens 
L25 is formed of an aspherical shape. 

[0030] The third group G3 has, from the first plane A, four biconcave negative lenses L31-L34, and a meniscus 
negative lens L35 having its concave surface facing toward the first plane A. A lens surface ASP3 on the second plane 
B of the negative lens L34 is formed of an aspherical shape. 
55 [0039] The fourth lens group G4 has, from the first plane A, a biconvex positive lens L41. two meniscus positive 
lenses L42 and L43 with their convex surfaces facing toward the first plane A, and a biconvex positive lens L44. 
[0040] The fifth lens group G5 has, from the first plane A, a meniscus negative lens L51 with its concave surface 
facing toward the first plane A, and four meniscus positive lenses L52-L55 with their convex surfaces facing toward 
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the first plane A. A lens surface ASP4 on the second plane B of the positive lens L53 is formed of an aspherical shape. 
[0041] Fig. 3 is an optical path diagram of a projection optical system of the third embodiment The projection optical 
system of this embodiment uses 248.4nm as a standard wavelength. In the third embodiment, all of Dght transmissive 
refractive members (lenses L11-L55) in the projection optical system are formed of a silica glass (synthetic silica). 

s [0042] As shown in Fig. 3, the projection optical system of the third embodiment has. in order from the first plane A, 
a first lens group G1 having a negative refractive power, a second lens group G2 having a positive refractive power, 
a third lens group G3 having a negative refractive power, a fourth lens group G4 having an aperture stop AS in the 
optical path, and a fifth lens group G5 having a positive refractive power. An dear aperture of a lens surface in the 
projection optical system, in a direction from the first plane A toward the second plane B, monotonically increases in 

10 the first lens group G1 , tends to change from increasing to decreasing in the second lens group G2, tends to change 
from decreasing to increasing in the third lens group G3, and monotonically decreases in the fifth lens group G5. In 
addition, the clear aperture of the lens surface in the projection optical system becomes a relative maximum in the 
second lens group G2, a relative minimum in the third lens group G3, and a relative maximum in the third lens group 
G3 through the filth lens group G5, while It has only one significant minimum between the first plane A and the second 

15 plane B. 

[0043] The first lens group G1 has, from the first plane A, two biconcave negative lenses L11 and L12. Between 
these negative lenses L11 and L12, a biconvex air (gas) lens is formed. A lens surface ASP1 on the second plane B 
of the negative lens L11 is formed in an aspherical shape. 

[0044] The second lens group G2 has, from the first plane A, a biconvex positive lens L21 , a meniscus negative lens 
20 L22 with its concave surface facing toward the first plane A, a biconvex positive lens L25, and a meniscus positive lens 
L26 with its convex surface facing toward the first plane A A lens surface ASP2 on the second plane B of the positive 
lens L25 is formed of an aspherical shape. 

[0045] The third lens group G3 has, for the first plane A, a meniscus positive lens L31 with its convex surface facing 
toward the first plane A, two biconcave negative lenses L34 and L35, and two biconvex positive lenses L36 and L37. 

2S A lens surface ASP3 on the second plane B of the positive lens L33 is formed of an aspherical shape. The fourth lens 
group G4 has, from the first plane A, a biconvex positive lens L41 , a biconcave negative lens L42, a biconvex positive 
lens L43, and a meniscus negative lens L44 with its concave surface facing toward the first plane A. 
[0046] The fifth lens group G5 has, from the first plane A, four meniscus positive lenses L51-L54 with their convex 
surfaces facing toward the first plane A, and a meniscus negative lens L55 with its concave surface facing toward the 

so first plane A A lens surface ASP4 on the second plane B of the positive fens L53 is formed of an aspherical shape. 
[0047] Parameters of the projection optical system for each of the first to third embodiments are shown in Tables 1 -3. 
[0048] In Tables 1-3, the leftmost column indicates numbers for each lens surface from the first plane A. The second 
column indicates a curvature radius of each lens surface, and the third column indicates a distance from each lens 
surface to the next lens surface. The fourth column indicates lens materials, and symbols of the aspherical surface are 

3$ indicated in the fifth column. The sixth column indicates symbols of each lens, and the seventh column indicates an 
clear aperture of each lens surface. As an example of units for the curvature radius and distance between surfaces in 
the parameters of these embodiments, mm can be used. In addition, the curvature radius in the second column for the 
aspheric lens surfaces indicates a vertex curvature radius. 
[0049] The aspherical shape is shown with the below equation (a). 

*o [0050] At the end of Tables 1 and 2, as Aspheric Surface Data, conical coefficient k and aspheric coefficients C4, 
C6, C8 f C10, C12 and C14 are indicated for each aspheric surface. 

+ C4Y 4 + C6Y 6 + C8Y 8 +C10Y 10 + C12Y 12 + C14Y 14 (a) 


45 l+ViHI+K^Y 2 } 

2i Sag in a direction of the optical axis 

Y; Distance from the optical axis (radius direction) 

c: Curvature at apex of surface (inverse of curvature radius) 

50 xr. Conical coefficient (k) (k-0 when spherical surface) 

C4, C6, C8, C10, C12, CI 4: Aspheric coefficients 

[0051] In the projection optical system of the first to the third embodiments, a silica glass (synthetic silica) is used 
as the lens material (glass material). In each embodiment, refractive index of the siDca glass (synthetic silica) with 
ss respect to a standard wavelength of 248.4nm, an amount of changes (dispersion) in the refractive index of the silica 
glass per wavelength of 1pm, and specific gravity of the silica glass, are as follows: 

Refractive index of silica glass: 1.50839 
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Dispersion off silica glass: -5.6 x 10~ 7 /+1pm 
Specific gravity of silica glass: 2.2 

Trie dispersion indicates the amount of change in the refractive index per wavelength of +1pm. The dispersion being 
-5.6 x 10" 7 / +1pm means that ttie refractive index decreased by 5.6 x1(r 7 when the wavelength changed from the 
standard wavelength by +1 pm. 

[0052] In the below Tables 1-3, SIQ2 indicates a silica glass. NA is a numerical aperture on the second plane B. $ 
is a radius of an image circle on the second plane B. (5 is a projection magnification in the entire projection optical 
system. dO is a distance from the first plane A to an optical surface (lens surface, reflection surface) closest to the first 
plane A. WD is a distance (operating distance) from an optical surface closest to the second plane B to the second 
plane B. ASP1-ASP4 indicate espherica! surfaces, and AS indicates an aperture stop. In each embodiment, the nu- 
merical aperture NA in the projection optical system (numerical aperture on the second plane B), the projection mag- 
nification p, and the radius <j> of an image circle on the second plane B are as follows: 


NA = 0.82 


(J = 1/4 


$ — 13.2mm 


«Table 1» 


First Embodiment 
DO = 64.281 (ram) 
WD = 10.468 (Una) 


(Fig. 1) 


Curvature Distance* between Glass AspherleaJL Lena 
radius surfaces /thickness surface 
(ma) of center 

(mm) 


Effective 
aperture 
(mm) 


1 
2 

4 


25.500 
41.253 
15.000 
6.327 


3102 


1*11 


132.4 
142.1 
145*3 

led. 9 


211.275 
-112 ,355 
1957.054 


ASPX 


Si02 


1*12 
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10 


15 


20 


30 


35 


40 


5: 

-1339.441 

37.900 

S1Q2 



194.9 

6: 

-226.291 

1.000 




212.3 

7: 

-2414,978 

46.229 

3102 


1*22 

241.9 

8: 

-235.640 

1.000 




2S1.9 

9: 

1026.407 

48.054 

3102 


L23 

277.9 

10: 

-395.138 

1.000 




281,2 

11: 

353.730 

49.482 

S102 


L24 

281. B (Mx2) 

12: 

-1276,637 

1.000 




278.2 

13: 

209.039 

50.371 

5102 


X25 

250. 4 

14: 

875*000 

1.000 


ASP2 


234.9 

15: 

215.723 

44.255 

S102 


L26 

213.0 

16s 

125.930 

32.223 




161.7 

17: 

00 

17.000 

S102 


L31 

1S9.3 

18: 

170.295 

21.427 




141.2 

19: 

-644-129 

15.000 

3102 


L32 

140.4 

20: 

267.760 

83.890 




135.5 

21: 

-111.250 

15.000 

S102 


L33 

135,3(Mn3) 

22: 

766.547 

11-872 




155.7 

23: 

-503.294 

53.098 

3i02 


L34 

157,2 

24i 

1355. 000 

18.035 


ASF 3 


203.5 

25: 

-1349.778 

36.393 

S102 


135 

213.5 

26i 

-233,841 

1.000 




225.2 

27: 


43.709 

3102 


1A1 

253.3(Mr>4> 

29: 

-279.044 

1.000 




260.1 

29: 

298.150 

55.792 

3102 


1,42 

286.1 (Mx4) 

30: 

-1235,697 

12,300 




284.8 

31: 

CO 

16.855 

- 


AS 

277.2 

32: 

-795.958 

24.000 

Si02 


Z.43 

277.4 

33: 

278.236 

27.029 




274.5 

34: 

500*126 

58, 684 

3102 


L44 

283.1 

35: 

-393.024 

10.492 




266.0 

36: 

2955.500 

32.879 

sioz 


L51 

285.8 

37: 

-626,544 

1.000 




285.3 

3d: 

201.110 

49.960 

Si 02 


L52 

265.1 

39: 

730.074 

1.000 




256.6 

40: 

162.066 

45.261 

S102 


L53 

223.7 

41t 

280.000 

5.759 


ASP 4 


201.3 

42: 

159.106 

53.928 

S102 


L54 

177.4 

43: 

492.581 

6.294 




130.6 

44: 

00 

53.000 

S102 


L55 

125.0 

45: 

CD 





56.4 


45 


50 


Aspherical Surface Data 
<ASP1> 

0,00000 


K 

C4 
C6 


-8.99872 x 
10 -oa 

1.88253 x 10" 

12 


<ASP2> 
tc : 
C4 : 


C6 


0.00000 
1.00733 x 10" 

08 

-9.57452 x 

io-" 


55 
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10 


15 


2D 


25 


C8 

CIO 
C12 
CI 4 
<ASP3> 

K 

C4 
C6 
C8 
CIO 
C12 
CI4 


-6.92844 x 

io- 17 

6.86429 x 10" 

21 

-1.21174 x 
7.08409 x IO' 

«9 


0.00000 
4.32781 x 10- 

08 

-7*29382 x 
IO" 13 

-1.89306 x 
10~ t7 

1.26587 x 10" 

-1.84258 X 
IO" 26 

0.00000 * 
10 +0 ° 


C8 
CIO 
C12 
C14 

<ASP4> 

k : 

C4 : 

C6 ! 

C8 : 

CIO : 

C12 : 

CI 4 : 


2*76746 x 10" 

19 

-2.57352 x 
10"" 

7.72339 x 10' 

-4.21223 x 
10-** 

0-00000 
-1.11168 x 

10 -08 

1.69910 x 10" 

13 

-1.71278 x 

io~ 1 * 

-2.32359 x 
10 


5-36170 x 10' 

3tt 


7.75398 

32 


x 10- 


30 


35 


40 


45 


50 


«Table 2» 
Second Embodiment 
DO - 60*533 (ram) 
WD - 10.250 (mm) 


(Fig. 2) 



Curvatura 

01 stance between 

Glass 

A*ph<»rlcal 


Effective 


radius 

surfaces/ thickness 


surface 




(mm.) 

of center 
(am) 




(mm) 

is 

456661.760 

14,007 

S102 


Lll 

130.8 

2: 

257-652 

35.928 


ASP1 


136.7 

3: 

-111.976 

14 . 000 

Sx02 


L12 

139-3 

4: 

-372.001 

15.312 




16S.9 

5: 

-177.016 

42 « 312 

S102 


L21 

169,6 

6: 

-192,938 

1.000 




208.3 

7: 

-1457*639 

36.216 

3102 


L22 

237.6 

8: 

-267.611 

1.000 




245*8 

Bx 

1940.558 

37.760 

3102 


L23 

267.3 

10: 

-430.648 

1.000 




271.1 

11: 

688.317 

36.462 

S102 


L24 

277-B<Mk2) 

12: 

-902.945 

1.000 




277.5 

13: 

226.241 

47.929 

Si02 


1.25 

266.9 

14; 

1191. 27B 

1.000 




260.1 
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10 


15 


20 


25 


30 


15: 

246.626 

35.812 

Si02 


L26 

240.4 

16: 

1789.195 

50.884 


ASP 2 


230.7 

17: 

-4234,706 

18.811 

S102 


1*31 

173.9 

18 t 

123.779 

31.361 




142-2 

19: 

-463.315 

14.000 

S102 


L32 

140*6 

201 

210.723 

97.502 




134.8 <Mn3) 

21: 

-115.190 

17-865 

S102 


L33 

138.1 

22: 

3048.133 

14,394 




159.5 

23: 

-306- eaa 

55.035 

3102 


X*34 

161,6 

24: 

22B8.537 

12.262 


ASP3 


215.5 

25 i 

-3110*663 

37.657 

S102 


I>35 

220.7 

26: 

-238.147 

1.000 




230.6 

27s 

2784,239 

49.533 

5102 


L41 

262,4 <Mn4) 

28: 

-261.060 

1.000 




267.7 

2d: 

3011 548 

$0,456 

S±02 


L42 

287.3 (Mx4) 

30: 

2090.868 

12.300 




284.1 

31: 

oO 

9*305 



AS 

282.3 

32s 

9513.104 

S5.412 

$102 


L43 

281.2 

33: 

271*141 

27.421 




276.1 

34: 

462.725 

50.112 

3102 


L44 

283.9 

35: 

-564-778 

1*000 




285.6 

36: 

-84302.567 

34.086 

3i02 


1*51 

285.7 

37: 

-509.897 

1*000 




285.7 

391 

200.575 

46.481 

SI 02 


L52 

264.3 

39: 

648.269 

1.007 




257.2 

40: 

169.530 

35.871 

S±02. 


L53 

227.6 

41; 

279.942 

8.224 


ASM 


214.2 

42 1 

146.299 

54.467 

3102 


L54 

182.4 

43: 

469.601 

7.273 




139.5 

44: 

5116.633 

58.229 

£102 


L55 

132.2 

45: 

1153-136 





54.8 


35 


40 


Aspharical Surface Data 
<ASP1> 


50 


K 

C4 

C6 

C8 

CIO 

C12 

CI 4 
<ASP3> 
ic 


0.00000 
-9.38125 x 

2*50879 X 10" 

12 

-6.27999 x 

io- 17 

4-1292B X 10" 

21 

-2.17575 XLCT 

2fi 

0.00000 
0.00000 


<ASP2> 

K 

C4 

C6 

C8 

CIO 

C12 

CI 4 
<ASP4> 

K 


0.00000 
1.54761 x 10" 

D8 

-2.39312 x 
IO" 13 

4.05575 x 10' 

-7.34673 X 
10"" 

7.00382 x 10" 

aft 

0.00000 


0.00000 


55 
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10 


15 


C4 
C6 

ca 
cio 

C12 
CI 4 


4.46673 x 10" 

08 

-6.64292 X 
10" 13 

-2.78075 x 
10" 


-VJ 


1.34132 x 10" 
ai 

-1.05650 x 
10" 26 

-2*22069 x 

io~ 3i 


C4 

C6 

C8 

CIO 

C12 

C14 


-1.54863 x 

io- 08 

-2.55751 x 

io- 14 

1.39035 x 10" 

10 

-1.53962 x 

io- 2 * 

-2.14246 X 

ID-* 7 

8.42244 x 10- 

32 


20 


25 


30 


35 


«Table 3» 

Third Embodiment (Fig. 3) 


50 


DO 

- 53.785 

(mm) 





WD 

= 11.251 

(hub.) 






Cuxvatur* 

Distance between 

Glass 

Aspher±cal 

Lens 

Effective 


radius 

but faces /thickness 


surface 


aperture 


(mm) 

ot center 
{mm.) 




(mm) 

Is 

-1369-219 

25.000 

S£02 


ill 

127.4 

2t 

234.167 

38.998 


Jurpl 


137.9 

3: 

-102.435 

17.000 

3102 


L12 

140.1 

4: 

1678.662 

8.983 




189.1 

5: 

6096,345 

44.509 

S102 


L21 

204.4 

€z 

-197.984 

1.003 




216.7 

7: 

-1734-379 

34.196 

3102 


Ir22 

245.1 

8: 

-305.392 

1.011 




252.5 

9: 

. 845.430 

45.398 

S102 


L23 

274.2 

10: 

-425.259 

2.389 




276.9 

11: 

315.861 

35.123 

8102 


L24 

277.5 <1!&c2) 

12: 

1240.127 

4.140 




274.2 

13: 

377.898 

36.758 

S102 


1*25 

2*6.7 

14: 

-4217,598 

1.000 


ASP 2 


260.9 

15: 

239.656 

39.372 

S102 


L26 

235,0 

16: 

1227.710 

38.926 




224.2 

17: 

1415.772 

21.030 

5102 


L31 

175.3 

18: 

199.035 

28.658 




147.6 

Ids 

-233.226 

16.799 

S102 


X32 

145.0 

20: 

136.280 

29.897 




132.0 fMn3> 

21: 

11572.716 

48.062 

3102 


L33 

133.6 

22: 

4005.560 

19.859 


ASP3 


137.3 

23: 

-147.265 

17.000 

3102 


L34 

137.6 

24: 

288.349 

21.528 




156.9 

25: 

-1136.286 

20.564 

3102 


13S 

165.4 

26: 

460-382 

13.073 




190.4 


55 
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10 


15 


20 


27: 

13964-940 

34.001 

S102 


136 

196.7 

28: 

-238.368 

5.343 




206.6 

29: 

7900.267 

35.691 

Si02 


1*37 

236. L 

30: 

-303.283 

10. 205 




241.9 

31s 

281*106 

51.587 

5102 


X.41 

275.8 

33: 

-1499.268 

40.580 




274.9 

33: 

-1199*144 

17.000 

5102 


1AZ 

265.6 

34: 

249.770 

41.000 




261.1 (Mn4) 

35 i 

«o 

0,919 



AS 

261.3 

36: 

495.786 

37.966 

Si 02 


Z.43 

276.7 

37! 

-1137.747 

15.324 




278.7 

38: 

-2097-155 

36.793 

S102 


1,44 

282.8 

39: 

-367.624 

1.000 




266.3 (khc4) 

40: 

230.000 

40.103 

9102 


LSI 

286.2 

41: 

413.404 

1.000 




276.9 

42: 

234.229 

41.671 

5102 


1.52 

271.0 

43: 

803.292 

3.792 




264.1 

44: 

154.591 

45.408 

Si02 


L53 

225 , 4 

45: 

395.911 

7-175 


ASP 4 


210.8 

46: 

138.759 

47.541 

Si02 


L54 

171.9 

47: 

261.540 

10.750 




128.4 

48: 


49.636 

SiG2 


L5S 

122.9 

49: 

-1462.603 





59.4 


25 


30 


40 


45 


50 


Aspherical Surface Da.ta 

<A5P1> 

- 0.00000 


x ; 

C4 : 

C6 j 

C8 : 

CIO : 

C12 : 

C14 ; 
<ASP3> 

k : 

C4 : 

C6 : 

C8 : 

CIO : 


-1.22769 X 

io- 07 

3.91902 X 10" 

1.54573 X 10- 

5.81458 X 10" 

21 

0.00000 
O.00000 

0.00000 
2-48721 x 10- 

08 

-2.70011 x 

io- 12 

-1.40184 x 
-2.90417 x 


<A5P2> 

C4 : 

C6 : 

C8 : 

CIO r 

C12 : 

C14 ; 
<ASP4> 

k : 

C4 : 

C6 : 

C8 : 

CIO : 


0.00000 
5.48518 X 10" 

09 

-3-71287 x 
10~ 1A 

-6.54689 X 
10^ 

1.54179 X 10" 

23 

0.00000 
0.00000 

0.00000 
4.78408 X 10- 

09 

2.28738 x 10" 

14 

-8.67747 x 

io- 1fl 

1.63825 x 10- 


55 


C12 
C14 


lO" 21 
0*00000 
0.00000 


C12 
C14 


zz 

0. 00000 
0.00000 
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[0053] values corresponding to conditions of the first to third embodiments are shown in Tables 4 and 5. In Table 4, 
Mx2 is an clear aperture (mm) of a lens surface having the largest clear aperture in the second lens group G2, and 
Mn3 indicates an clear aperture (mm) of a lens surface having the smallest clear aperture in the third lens group. In 
addition, in Table 5, Mx4 is an clear aperture (mm) of a lens surface having the largest dear aperture in the fourth lens 
s group, and Mn4 is an clear aperture (mm) of a lens surface having the smallest clear aperture in the fourth lens group. 
In Table 6, D1 is an dear aperture (mm) of a lens surface of the first aspheric lens, and D2 is an clear aperture (mm) 
of the second aspheric lens. 


«Table 4» 


10 



Mx2(mm) 

Mn3 (mm) 

Mx2/Mn3 

First Embodiment 

281.8 

135.3 

2.08 

Second Embodiment 

277.8 

134.8 

2.06 

Third Embodiment 

277.5 

132.0 

2.10 


«Table 5» 


20 



Mn4 (mm) Mx4 (mm) Mn4 / Mx4 

First Embodiment 
Second Embodiment 
Third Embodiment 

253.3 286.1 0.89 

262.4 287.3 0.91 
261.1 286.3 0.91 


25 


30 


35 


«Table 6» 



D1(mm) 

D2(mm) 

D1 / D2 

First Embodiment (1) 

234.9(ASP2) 

201.3(ASP4) 

1.17 

First Embodiment (2) 

234.9(ASP2) 

203.5(ASP3) 

1.15 

First Embodiment (3) 

201.3(ASP4) 

203.5(ASP3) 

0.99 

Second Embodiment (1) 

230.7(ASP2) 

214.2(ASP4) 

1.08 

Second Embodiment (2) 

230.7(ASP2) 

215.5(ASP3) 

1.07 

Second Embodiment (3) 

214.2(ASP4) 

215.5(ASP3) 

0.99 

Third Embodiment (1) 

137.9(ASP1) 

137.3(ASP3) 

1.00 

Third Embodiment (2) 

210.8(ASP4) 

260.9(ASP2) 

0.81 


40 


45 


50 


55 


[0054] From the data obtained from Tables 4 and 5, it is understood that conditions (1) and (2) are met in each of 
the first to third embodiments, in addition, from the data obtained Table 6, it is understood that condition (3) is met in 
each of the first to third embodiments. 

[0055] Next, diagrams showing aberrations on the second plane with a wavelength of 248.4 nm in the projection 
optical system of the first to third embodiments are shown in Figs. 4-9. 

[0056] Figs. 4A, 5A and 6A are spherical aberration diagrams, Figs. 4B, 5B and 6B are astigmatism diagrams, and 
Figs. 4C, 5C and 6C are distortion aberration diagrams. Charts (a)-(e) in Figs. 7-9 indicate lateral aberrations (coma) 
in a meridional direction (tangential direction), and charts (f)-{j) indicate coma in a sagittal direction. In each aberration 
diagram, HA indicates a number aperture on an image side (the second plane) of the projection optical system, and 
Y indicates a height of an image on the second plane. In addition, in the astigmatism diagram shown in Figs. 4B, 5B 
and 6B, a broken line indicates a meridional (tangential) image, and a solid line indicates a sagittal image. Each of the 
charts (a) in Figs. 7-9 is a diagram showing a horizontal aberration in the meridional direction at the image height Y = 
13.2. Each of the charts (b) in Figs. 7-9 is a diagram showing a horizontal aberration in the meridional direction at the 
image height Y = 9.9. Each of the charts (c) in Figs. 7-9 is a diagram showing a horizontal aberration in the meridional 
direction at the image height Y = 6.6. Each of the charts (d) in Figs. 7-9 is a diagram showing a horizontal aberration 
in the meridional direction at the image height Y = 3.3. Each of the charts (e) In Figs. 7-9 is a diagram showing a 
horizontal aberration in the meridional direction at the image height Y = 0 (on the optical axis). Each of the charts (f) 
in Figs. 7-9 is a diagram showing a horizontal aberration in the sagittal direction at the image height Y = 13.2. Each of 
the charts (g) in Figs. 7-9 is a diagram showing a horizontal aberration in the sagittal direction at the image height Y 
= 9.9. Each of the charts (h) in Figs. 7-9 is a diagram showing a horizontal aberration in the sagittal direction at the 
image height Y = 6.6. Each of the charts (i) in Figs. 7-9 is a diagram showing a horizontal aberration in the sagittal 


14 



EP 1 245 984 A2 

direction at the Image height Y = 3.3. Each of the charts 0) in Figs. 7-9 is a diagram showing a horizontal aberration 
in the sagittal direction at the image height Y = 0 (on the optical axis). 

[0057] As is clear from each of the aberration diagrams, in the projection optical system of the embodiments, good 
correction of aberrations is achieved in a range from where the image height is 0 and where the image height is 

s maximum. Therefore, by assembling the projection optical system of the embodiments in an exposure apparatus, it is 
possible to transfer extremely fine patterns onto wafers. Since the projection optical system of the embodiments has 
a circular image field with a diameter of 26.4. it is possible to secure a rectangular exposure area in the image field 
that has a width of approximately 8.8 in the scan direction and a width of approximately 25 in the direction orthogonal 
to the scan direction, or a rectangular exposure area that has a width of approximately 8 in the scan direction and a 

10 width of approximately 26 in the direction orthogonal to the scan direction. Units for the image height and the image 
field are mm rf mm are to be used as the units for the curvature radius and space between lens surfaces. In the projection 
optical system of the embodiments, chromatic aberrations are corrected in a range of 0.5pm at FWHM (full width at 
half maximum), which makes it possible to reduce load to the light source of the exposure apparatus when assembling 
the projection optical system of these embodiments in the exposure apparatus. 

15 [0056] The projection optical system of the above described first to third embodiments can be applied in a projection 
exposure apparatus in an embodiment shown in Fig. 10. Forms of the embodiment of the exposure apparatus according 
to this invention are described below with reference to Fig. 10. Fig. 10 is a diagram showing a schematic construction 
of the projection exposure apparatus according to the embodiment In Fig. 10. an XYZ orthogonal coordinate system 
is used. In the XYZ orthogonal coordinate system, the X and Y axes are configured such that a workpieace (photo- 

20 sensitive substrate) becomes parallel with respect to a wafer stage 22 that holds a wafer W, and the Z axis is configured 
in a direction orthogonal to the wafer stage (a direction parallel to an optical axis AX in a projection optical system PL). 
Actually, in the XYZ orthogonal coordinate system shown in the figure, an XY plane is set on a surface parallel to the 
horizontal plane, and the Z axis is set in a direction perpendicular [to the XY plane]. 

[0059] In the exposure apparatus according to the embodiment, this invention is applied by using a KrF excimer 
25 laser light source as an exposure light source and any of dioptric type projection optical system of the above described 
first to third embodiments as the projection optical system PL. In the projection exposure apparatus of this embodiment, 
a step-and-scan method is employed, in which a pattern Image of a reticle R used as a projection original is sequentially 
transcribed in one shot region on a wafer, by synchronously scanning the reticle R and the wafer W in a predetermined 
direction with relative to an illumination area of a predetermined shape on the reticle R. In this type of the step-and- 
30 scan type exposure apparatus, a patter of the reticle R can be exposed in a region on a substrate (wafer W) larger 
than an exposure field of the projection optical system. 

[0060] In Fig. 10, a laser source 2 is a KrF excimer laser that outputs a pulse ultraviolet light having an oscillation 
wavelength of 248 nm, for example. The laser source 2 of this embodiment is not limited to the KrF excimer laser, but 
an ArF excimer laser that has an oscillation wavelength of 192nm, or a laser generating light in a vacuum ultraviolet 
35 region that has a wavelength of approximately 120nm - approximately 180nm, such as a fluoride dirner laser (F 2 laser) 
with an oscillation wavelength of 157nm, a krypton dimer laser (Kr 2 laser) with an oscillation wavelength of 146nm. 
and an argon dimer laser (Ar 2 laser) with an oscillation wavelength of 126nm, may be used. 

[0061] Pulse laser light (illumination light) from the laser light source 2 is deflected by a deflecting mirror 3, goes to 
an optical path delay optical system 41 , and is temporarily divided into a plurality of fight beams with an optical path 
*o length difference of the temporal time coherence length or more of the illumination light from the laser light source 2. 
Furthermore, this type of optical path delay optical system is disclosed in, for example, Japanese Laid-Open Patent 
Applications 1-198759 and 11-174365. 

[0062] After illumination light emitted from the optical path delay optical system 41 is deflected by an optical path 
deflecting mirror 42, it reaches a second fly's eye lens 46 via a first fly's eye lens 43, a zoom lens 44, and an oscillation 
45 mirror 45 in order. On the emitting side of the second fly's eye lens 46, a switching revolver 5 for an illumination optical 
system aperture stop is arranged to set a desired size and shape of an effective light source. In this example, in order 
to reduce a fight amount loss in the illumination optical system aperture stop, the size of the light beam to the second 
fly's eye lens 46 through the zoom lens 44 is variable. 

[0063] The light beam emitted from an aperture stop of the illumination optical system illuminates an illumination 
so field stop (reticle blind) 11 via a condenser lens group 10. Furthermore, the illumination field stop 11 is disclosed in 
Japanese Laid-Open Patent Application 4-196513 and the corresponding USP 5,473,410. 

[0064] The light from the illumination field stop 11 is guided to the reticle R via an illumination Meld stop imaging 
optical system (reticle blind Imaging system) formed of deflecting minors 151 and 154 and lens groups 152, 153 and 
155, and an illumination region which is an image of an aperture part of the illumination field stop 1 1 is formed on the 
55 reticle R. The light from the illumination region on the reticle R is guided onto the wafer W via the projection optical 
system PL, and a reduced image of a pattern within the illumination region of the reticle R is formed on the wafer W. 
A reticle stage RS which holds the reticle R is two-dimensional ly movable within an XY plane, and its position coordi- 
nates are measured by an interferometer 19 and position-controlled. Furthermore, a wafer stage 22 which holds the 
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wafer W is also two-dime nsionally movable within the XY plane, and its position coordinates are measured by an 
interferometer 24 and position-controlled. Within this arrangement, the reticle and the substrate can be synchronously 
scanned with high accuracy. 

[0065] If light in an ultraviolet or vacuum ultraviolet region is used as the exposure light, a gas (hereafter referred to 
5 as "absorptive gas"), sucfi as oxygen, vapor, hydro-carbon system gas, or the like, having a strong absorption char- 
acteristic with respect to the light of the related wavelength band region needs to be eliminated. Therefore, in this 
embodiment, an illumination optical path (optical path from the laser Dght source 2 to the reticle R) and the projection 
optical path (optical path from the reticle R to the wafer W) are shielded from outside atmosphere, and the optical paths 
are filled with a mixed gas (hereafter referred to as low absorptive gas" or "specified gas"), such as nitrogen, helium. 
10 argon, neon, krypton , or the like, as a specified gas having a characteristic with less absorption with respect to the light 
of the vacuum ultraviolet region. 

[0066] Specifically, the optical path from the laser light source 2 to the optical path delay optical system 41 is shielded 
by a casing 30 from outside atmosphere. The optical path from the optical path delay optical system 41 to the illumination 
field stop 11 is shielded by a casing 40 from outside atmosphere, the illumination field stop imaging optical system is 

*s shielded by a casing 150 from outside atmosphere, and the above-mentioned specified gas is filled within the optical 
paths. The casings 40 and 150 are connected to a casing 49. Furthermore, a lens barrel of the projection optical system 
PL itself is a casing, and the above-mentioned specified gas is filled in the internal optical path. 
[0067] Furthermore, it is preferable that nitrogen or helium is used as a specified gas, which is filled in the respective 
optical paths. The nitrogen has strong light absorption characteristics for light having a wavelength of approximately 

20 1 5 nm or less, and the helium has strong characteristics of fight absorption characteristics for light having a wavelength 
of approximately lOOnm or less. The helium has a thermal conductivity that is six times more than that of nitrogen and 
has an amount of change in refracrJvity with respect to changes in air pressure that is as little as 1/8 of that of nitrogen. 
Therefore, helium is superior especially for high transmissivity and for stability and cooDng ability of imaging charac- 
teristics of the optical system. In addition, the helium can be used as the specified gas for a lens barrel of the projection 

25 optical system PL, and the nitrogen can be used as the specified gas for other optical paths (e.g., an illumination optical 
path from the laser light source 2 to the reticle R). 

[0068] The casing 170 shields a space between the projection optical system PL and the casing 150 which stores 
the illumination field stop imaging optical system from outside atmosphere and stores the reticle stage RS which holds 
the reticle R. In this casing 170, a door 173 is set for loading and ejecting the reticle R. Outside the door 173, a gas 
30 chamber 1 74 is provided which prevents atmosphere within the casing 170 from being polluted when the reticle R is 
loaded and ejected. A door 1 77 is arranged in this gas chamber 174 as well. Reticle transfer In the reticle stocker 210 
which stores plural types of reticles is performed via the door 1 77. 

[0069] The casing 200 shields the space between the projection optica! system PL and the wafer W from outside 
atmosphere. Inside the casing 200, a wafer stage 22 which holds the wafer W via a wafer holder 20. an oblique incidence 

35 auto focus sensor 26 which detects an inclination angle and a position (focus position) in a 2 direction of a surface of 
the wafer W as a substrate, and an off-axis alignment sensor 28, and a holding plate 23 which mounts trie wafer stage 
22 are stored. In this casing 200, a door 203 is provided for loading and ejecting the wafer W. Outside this door 203, 
a gas chamber 204 is provided which prevents atmosphere inside the casing 200 from being polluted. In the gas 
chamber 204, a door 207 is provided. Loading and ejecting of the wafer W into/out of the apparatus can be performed 

40 via this door 207. 

[0070] Here, gas supply valves 147, 156. 171 and 201 are arranged in the casings 40. 150, and 170 and 200, re- 
spectively. These gas suppfy valves 147, 156, 171 and 201 are connected to undepicted air supply piping connected 
to a gas supply apparatus. Additionally, the casings 40, 150, 170 and 200 are provided with exhaust valves 148, 157, 
172 and 202, respectively. These exhaust valves 148, 157, 172. and 202 are connected to the above-mentioned gas 
45 supply apparatus via undepicted exhaust piping. Furthermore, a specified gas from the gas supply apparatus is con- 
trolled by an undepicted temperature adjusting apparatus to a predetermined target temperature. Here, when helium 
is used as a specified gas, it is preferable that the temperature adjusting apparatus be arranged in the vicinity of the 
respective casings. 

[0071] In the same manner, gas supply valves 175 and 205 and exhaust valves 176 and 206 are also arranged in 
so the gas chambers 174 and 204, respectively. Gas supply valves 175 and 205 are connected to the above-mentioned 
gas supply apparatus via air supply piping, and the exhaust valves 1 76 and 206 are connected to the above-mentioned 
gas supply apparatus via the exhaust piping. Furthermore, an gas supply valve 181 and an exhaust valve 182 are also 
arranged in the lens barrel of the projection optical system PL, and the gas supply valve 181 is connected to the above- 
mentioned gas supply apparatus via an undepicted air supply piping, and the exhaust valve 182 is connected to the 
55 above-mentioned gas supply apparatus via an undepicted exhaust piping. 

[0072] Furthermore, in the air supply piping in which the gas supply valves 147, 156, 171, 175, 181, 201, and 205 
are arranged and exhaust piping in which the exhaust valves 148, 157, 172, 176, 182, 202, and 206 are arranged, a 
filter which removes particles, such as an HEPA filter, or a ULPA filter and a chemical filter which removes an absorptive 
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gas such as oxygen or the like ere arranged. 

[0073] Additionally, in the gas chambers 1 74 and 204, gas exchange Is needed when the reticle or wafer is replaced. 
For example, in the case of reticle exchange, the door 177 is opened, the reticle is loaded from the reticle stocker 210 
to the gas chamber 174. trie door 177 is dosed, and the gas chamber 174 Is filled with a specified gas. After that, the 

s door 173 is opened, and the reticle is mounted on the reticle stage RS. Furthermore, in the case of wafer exchange, 
the door 207 is opened, the wafer is loaded in the gas chamber 204. the door 207 is closed, and the gas chamber 204 
is filled with a specified gas. After that, the door 203 is opened, and the wafer is mounted on the wafer holder 20. 
Additionally, when the reticle and the wafer are transferred out, the procedure is reversed. Furthermore, In the case of 
gas exchange to the gas chambers 174 and 204, after atmosphere within the gas chambers is evacuated, a specified 

10 gas also can be supplied from gas supply valves. 

[0074] In addition, in the casings 170 and 200, there is a possibility that a gas in which gas was exchanged by the 
gas chambers 174 and 204 Is mixed, and there is a high possibility that a targe amount of absorptive gas such as 
oxygen or the like is mixed in the gas of the gas chambers 174 and 204. It is desirable that gas exchange is performed 
at the same timing as the gas exchange of the gas chambers 1 74 and 204. Furthermore, it is preferable that a specified 

15 gas with a pressure higher than outside atmosphere is filled in the casings and the gas chambers. 

[0075] in the embodiments, at least one lens of the plurality of lenses structuring the projection optical system PL is 
held such that at least one of its position and orientation is adjustable. Because of this, imaging characteristics of the 
projection optical system PL can be corrected. In the embodiments, an environment inside and outside the projection 
optical system PL is measured. Based on the results of measurement the lens(es) of the projection optical system PL 

20 is(are) driven, and at least one of the position and orientation of the lens(es) is adjusted to correct the imaging char- 
acteristics of the projection optical system PL 

[0076] Fig. 1 1 is a control block diagram related to the above described correction of the imaging characteristics. 
[0077] In Fig. 11 , an air(gas) pressure sensor 300 is provided inside the projection optical system PL (inside a lens 
ban-el) as a mechanism for measuring the environmental conditions, values measured by the air pressure sensor 300 

25 are supplied to a main control system 301 . In addition, information of temperature, air pressure and humidity of a gas 
surrounding the projection optical system PL measured by a temperature sensor 302, an air (gas) pressure sensor 
303 and a humidity sensor 304, respectively, are also supplied to the main control system 301. By driving a specified 
lens in the projection optical system PL by a drive unit 306 (actuator), the main control system 301 adjusts at least one 
of the position and orientation of a lens. That is, the main control system 301 pre-stores the relationships of changes 

30 in the environmental conditions inside and outside the projection optical system PL and the image formation charac- 
teristics (various aberrations) of the projection optical system PL and measures the environment using each of the 
sensors 300, 302-304 at a predetermined timing. Based on the measurement information and p re-stored data, at least 
one of the position and orientation of the lens is adjusted such that the imaging characteristics become most preferable 
at that time. Measurement of the changes in the environmental conditions is not limited to the above described method 

35 for directly measuring the actual environment inside and outside the projection optical system PL, but an indirect cause 
may be measured that can be a cause for the changes in the environment, such as an amount of irradiation of the 
exposure illumination light In that cause, the changes In the environment, such as changes in temperature, can be 
presumed by calculating and storing the amount of irradiation of the exposure illumination light, for example. 
[0070] The drive unit 306 that drives the lens(es) can be a freely extendable/retractable drive element that is formed 

40 of, for example, a piezoelectric element (piezo-element) or the like. Figs. 12A and 1 2B are diagrams showing an ex- 
ample of a mechanism for driving a lens using the drive element. In Figs. 12A and 12B, a lens L is held by a lens frame 
310, which is held by three drive elements 311 a, 311 b and 311c positioned equally at azimuthal degrees of 120°. The 
main control system 301 extends and retracts the three drive elements 311a-311c independently in the Z axis (a di- 
rection of the optical axis AX) f by individually controlling the drive voltage for each of the drive elements 311a f 311b 

45 and 311c. When the amounts of extension and retraction of the three drive elements 311a-31 1c in the 2-axis direction 
are the same, the lens L moves in the Z-axis direction (the direction of the optical axis AX), and when the amounts of 
extension and retraction of the three drive elements 311 a-311c in the Z-axis direction are different, the lens L tilts with 
respect to the XY plane perpendicular to the Z axis (tilting about an axis parallel with the X axis, and about an axis 
parallel with the Y axis). Moreover, at points where the drive elements 311a-311c are positioned, undepicted position 

so sensors, and information of the amount of extraction and retraction by the drive elements 311 a-31 1 c detected by these 
position sensors is supplied to the main control system 301. The main control system 301 controls the drive voltage 
for the drive elements 311a-311c, by for example, a closed loop method, such that the detected amounts of extraction 
and retraction become target values. For the position sensor, a static capacitor type gap sensor, an optical or magnetic 
type linear encoder or an interferometer, for example, may be used. In addition, for the drive unit that drives the lens, 

55 another actuator may be used, such as magnetostriction actuator or a hydropneumatic actuator, instead of the piezo- 
electric element. 

[0079] Fig. 13 is a diagram showing another example of the mechanism for driving the lens. In Fig. 13, three lenses 
L1, L2 and L3 of a plurality of lenses structuring the projection optical system are each held drivably by drive units 
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315-317, respectively, that include freely extendable/retractable drive elements consisting of piezoelectric elements 
(piezo-element, etc.) or the like. As described with respect to Fig. 1 2, each of the drive units 315-317 is composed of 
three drive elements and can move the respective lenses L1-L3 along the direction of the optica) axis AX (Z-axis 
direction) of the projection optical system, and it can tilt the respective lenses L1-L3 with respect to the XY plane 
s perpendicular to the optical axis AX. Furthermore, in the example shown in Fig. 1 3, the structure is made in which the 
lenses L1 and L2 (lens frames 321 and 322) of the three lenses L1-L3 ana accumulated on the lowest lens L3 via the 
drive units 315-317. 

[0080] In case of the structure shown in Fig. 13, the three lenses L1-L3 are driven together by the lowest drive unit 
317. Because of this, there is an advantage that the lenses L1-L3 can be driven together while maintaining the positional 

10 relationships of the lenses L1-L3, by extending and retracting the drive element of the drive unit 317. In contrast, in 
the case of the structure in which a plurality of lenses are held individually freely movable with respect to each other, 
there is an advantage that the amount of driving of the plurality of lenses is reduced as a whole since, for example, by 
driving only one lens, spaces with respect to the above and below lenses are changed simultaneously. Each lens 
discussed above may be structured from a single lens element or a lens group in which a plurality of lens elements 

is are combined. Whether each lens in the projection optical system PL may be driven together or independently may 
be determined by the amount of driving of each lens and a precision of stability in the position required to each lens 
for correcting the imaging characteristics for the projection optical system PL However, in this embodiment for the 
purpose of individually correcting a specified number of aberrations generated in the projection optical system PL, the 
structure in which a specified number of lenses in the projection optical system PL are each driven individually is used. 

20 [0081] Here, it becomes possible to individually correct the specified number of various aberrations by moving in the 
Z-axis direction (direction of optical axis AX) the lenses at least equal to or more than the number of various aberrations 
subject to correction, and by tilting them about an axis parallel to the X axis and about the axis parallel with the Y axis. 
In this embodiment, by relating and adjusting the position and orientation of one of the five lenses in the projection 
optical system PL or by adjusting the position and orientation of some of the lenses, magnification, distortion (distortion 

25 aberration), coma, field curvature aberration, and spherical aberration can be individually corrected. The above-de- 
scribed technique that corrects the aberrations by adjusting the position and orientation of the lens are disclosed in. 
for example, Japanese Laid -Open Patent Application 11-195502. Moreover, the mechanism that moves lenses In the 
Z-axis direction (direction of optical axis AX) and tilts the lenses about the axis parallel with the X axis and about the 
axis parallel with the Y axis is disclosed in each of Japanese Laid-Open Patent Application 9-1 06499, Japanese Latd- 

30 Open Patent Application 10-206714, and Japanese Laid-Open Patent Application 11-44834. Furthermore, the mech- 
anism that tDts the lenses about the axis parallel with the X axis and about the axis parallel with the Y axis is also 
disclosed in Japanese Laid-Open Patent Application 2000-235134 and 2000-249886. 

[0082] The adjustment of the position and orientation of a lens for correcting the imaging characteristics of the pro- 
jection optical system is not limited to adjusting the position of the lens in the Z-axis direction (direction of optical axis 

35 Ax) and the tilting of the lens about the axis parallel with the X axis and about the axis parallel with the Y axis. That is, 
it is preferable to adjust eccentricity of the plurality of lenses in the projection optical system PL by moving (shifting) 
at least one of the lenses in the XY plane perpendicular to the optical axis, in addition to the above-described adjustment 
of the orientation. Here, regarding the adjustment of the position and orientation of the lens, means for adjusting the 
position of the lens in the Z direction (direction of optical axis AX) and the tilts of the lens about the axis parallel to the 

40 x axis and about the axis parallel to the Y axis is a first adjustment means, and means for adjusting the position of the 
lens in the XY plane perpendicular to the optical axis is a second adjustment means. 

[0083] For the adjustment of the lens position using the second adjustment means, It is preferable to have a lens 
that is different from the lens whose position and orientation are adjusted by the first adjustment means, be the subject 
for adjustment. In addition, it is preferable to relate at least two of the plurality of lenses in the projection optical system 

45 and adjust them at the same time. The adjustment of lens position by the second adjustment means has a main purpose 
to correct imaging characteristics of the projection optical system that remain from the correction of the imaging char- 
acteristics using the adjustment by the first adjustment means. That is, by combining the adjustment of the position 
and orientation of the lens using the first adjustment means and the adjustment of the lens position using the second 
adjustment means, the imaging characteristics of the projection optical system can be corrected with high accuracy. 

so Similar to the first adjustment means, it is preferred that the driving of the second adjustment means be controlled 
based on a result of measurement of environment inside and outside the projection optical system. For a basic mech- 
anism forthe second adjustment means that moves the lens in the XY plane perpendicular to the optical axis, techniques 
disclosed in, for example, Japanese Laid-Open Patent Application 2000-206385 can be used. 
[0084] Moreover, it is preferable to adjust a position of rotation of at least one of the plurality of lenses in the projection 

55 optical system that has a lens surface rotational ry asymmetrical with respect to the optical system, by rotating the lens 
with respect to the optical system, in addition to the adjustment of the position and orientation of the lenses using the 
first adjustment means and the second adjustment means. The means for adjusting the position of rotation of the lens 
is a third adjustment means. Using the third adjustment means, center astigmatism (astigmartism difference on axis) 
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in the projection optical system can be corrected. Here, the center astigmatism components are astigmatusm difference 
generated at the center in the projection regions(at the optical axis) of the projection optical system. The anisotropic 
distortion is an aberration in which imaging magnification is different in the predetermined tangential direction and in 
a tangential direction perpendicular to the predetermined tangential direction. As a lens surface that is rotationally 
s asymmetrical with respect to the optical axis, a toric surface in which a radius of curvature in the X direction and a 
radius of curvature in the Y direction are different. 

[0085] A concept that center astigmatism components are corrected using a lens on which a toric surface is formed, 
is briefly described. Figs. 14A and 14B are diagrams for explaining the concept for correcting the center astigmatism 
components, in Figs. 14A and 14B. lenses 320 and 321 are a part of lenses structuring the projection optical system 

10 PL At least one of the lenses 320 and 321 is provided so as to be rotatable with respect to the optical axis AX. The 
lenses 320 and 321 have respective directions 320A and 321 A in which the radius of curvature is the largest and 
directions 3206 and 321 B that is orthogonal to the directions 320A and 321A and in which the radius of curvature 
becomes the smallest Here, refractive powers of the lenses 320 and 321 becomes strongest in the directions 320A 
and 321 A indicated by solid lines in the drawings, and the refractive powers of the lenses 320 and 321 are the weakest 

15 in the directions 320B and 321B indicated by dotted fines in the drawings. Below, the directions 320A and 321A in 
which the radius of curvature (refractive power) becomes strongest are called a strong main meridian, and the directions 
320B and 32 1 B in which the radius of curvature (refractive power) becomes weakest are called a weak main meridian. 
[0086] As shown in Fig. 14A, when the strong main meridians 320A and 321 A mutually form 90° in the two lenses 
320 and 321 , there are no center astigmatism components or anisotropic distortions generated from the lenses 320 

20 and 321 . In addition, as shown in Fig. 14B f when the angle formed from the strong main meridians 320A and 321 A is 
shifted from 90° in the lenses 320 and 321, on-axis astigmatic difference components and/or anisotropic distortions 
are generated with an amount corresponding to the angle formed by the strong main meridians 320A and 321 A. 
[0087] Therefore, for example, by making the lens surfaces of two of the lenses structuring the projection optical 
system PL to have a shape having different power in the predetermined tangential direction and in the direction or- 

25 thogonal to the tangential direction and by making the lenses relatively rotatable about the optical axis AX, one of the 
center astigmatism components and the anisotropic distortions can be corrected. Furthermore, by making lens surfaces 
of two lenses that are different from the above two lenses to have a shape having power that is different in the prede- 
termined tangential direction and in the direction orthogonal to the tangential direction, and by making the lenses 
relatively rotatable about the optical system, both the center astigmatism components and anisotropic distortions can 

30 be corrected, it is preferable to provide the lens surfaces for adjusting an amount of the center astigmatism components 
generated near a pupil of the projection optical system, and it is preferable to provide the lens surfaces for adjusting 
an amount of the anisotropic distortions generated near an object plane or an image plane. The technique for adjusting 
the center astigmatism components and the anisotropic distortions are disclosed in, for example, Japanese Laid-Open 
Patent Application 7-183190, Japanese Laid-Open Patent Application 8-327895, and Japanese Laid-Open Patent 

35 Application 2000-164489. 

[0088] Figs. 15 r 16 and 17 are drawings showing an exemplary arrangement of lenses of which the position and 
orientation are adjustable by the first, second and third adjustment means, in the projection optical system PL in which 
the projection optical system of the first to third embodiments of this invention is applied. In the figures, reference 
numeral 400 indicates the first adjustment means, reference numeral 401 indicates the second adjustment means, 

40 and reference numeral 402 indicates the third adjustment means. 

[0089] In the projection optical system PL of the first embodiment shown in Fig. 15, forthe three positive lenses L23, 
L25 and L26 in the second lens group G2 and the two negative lenses L33 and L35 in the third lens group G3, adjust- 
ments of the position in the Z -axis direction (direction of the optical axis AX) and tilt about the axis parallel to the X 
axis and about the axis parallel to the Y axis become possible by the first adjustment means 400. In addition, for the 

45 positive lens L24 in the second lens group 62 and the negative lens L31 in the third lens group G3, adjustment of 
position in the XY plane perpendicular to the optical axis becomes possible by the second adjustment means 401. 
Furthermore, for the negative lens L12 of the first lens group G1, the negative lens L21 in the second lens group G2, 
and the positive lens L42 and the negative lens L43 in the fourth lens group G4, adjustment of rotational position 
becomes possible by the third adjustment means 402. 

so [0090] In the projection optical system of the second embodiment shown in Fig. 16, for the three positive lenses L23 r 
L25 and L26 in the second lens group G2 and the two negative lenses L33 and L35 in the third lens group G3 shown 
in Fig. 2, adjustments of the position in the Z -axis direction (direction of the optical axis AX) and tilt about the axis 
parallel to the X axis and about the axis parallel to the Y axis become possible by the first adjustment means 400. In 
addition, for the positive lens L24 in the second lens group G2 and the negative lens L31 in the third lens group G3. 

55 adjustment of position in the XY plane perpendicular to the optical axis becomes possible by the second adjustment 
means 401 . Furthermore, for the negative lens L12 of the first lens group G1 , the negative lens L21 in the second lens 
group G2, and the two positive lenses L42 and L43 in the fourth lens group G4, adjustment of rotational position 
becomes possible by the third adjustment means 402. 
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[0091] In the projection optical system of the third embodiment shown in Fig. 17, for the three positive lenses L23, 
L25 and L26 in the second lens group G2 and the negative lens L33 and the positive lens L 35 in the third lens group 
G3 shown in Rg. 3, adjustments of the position in the Z -axis direction (direction of the optical axis AX) and tilt about 
the axis parallel to the X axis and about the axis parallel to the Y axis become possible by the first adjustment means 

5 400. In addition, for the positive lens L24 in the second lend group G2 and the negative lens L31 in the third lens group 
G3, adjustment of position in the XY plane perpendicular to the optical axis becomes possible by the second adjustment 
means 401 . Furthermore, for the negative lens L12 in the first lens group G1 , the negative lens L21 in the second lens 
group G2, and the negative lens L42 and the positive lens L43 in the fourth lens group G4, adjustment of rotational 
position becomes possible by the third adjustment means 402. 

10 [0092] In other words, in this embodiment, in each of the projection optical systems PL shown in Figs. 15-17, the 
position and orientation of at least one lens in each of the first lens group G1 to the fourth lens group G4 can be adjusted 
by any of the first to third adjustment means 400-402. In addition, the position and orientation of at least one lens 
positioned between the first plane A and the lens surface having the smallest clear aperture in the third lens group G3 
and at least one lens positioned between the second plane B and the lens surface having the smallest clear aperture 

15 in the third lens group G3 are adjustable by any of the first to third adjustment means 400-402. Furthermore, at least 
one lens positioned between the first plane A and the lens surface having the smallest clear aperture in the third lens 
group G3 and at least one lens positioned between the second plane B and the lens surface having the smallest clear 
aperture in the third lens group G3 has a lens surface that is rotationally asymmetrical with respect to the optical axis, 
and the rotational position thereof is adjustable by the third adjustment means 402. Furthermore, at least one of the 

20 position and orientation of at least one of the plurality of lenses in the projection optical system PL positioned closer 
to the first plane A than the aperture stop AS and at least one of the plurality of lenses in the projection optical system 
PL positioned closer to the second plane B than the aperture stop AS is adjustable by any of the first to third adjustment 
means 400-402. Moreover, at least one of the plurality of lenses in the projection optical system PL positioned closer 
to the first plane A than the aperture stop AS and at least one of the plurality of lenses in the projection optical system 

25 PL positioned closer to the second plane than the aperture stop AS have a lens surface that is rotationally asymmetrical 
with respect to the optical axis, and the rotational position thereof is adjustable by the third adjustment means 402. In 
addition, the position and orientation of at least one of the lenses having an aspherlcal shaped lens surface (ASP2), 
of the plurality of lenses in the projection optical system PL are adjustable by the first adjustment means 400. Then, 
by adjusting the position and orientation of the lenses, the imaging characteristics of the projection optical system PL 

30 can be corrected. 

[0093] Especially, in this embodiment because the imaging characteristics of the projection optical system PL can 
be corrected by measuring the environment inside and outside of the projection optical system PL and by adjusting at 
least one of the position and orientation of the lens, changes in the imaging characteristics of the projection optical 
system PL due to changes in the environmental conditions can be controlled. 

35 [0094] A method of correcting the imaging characteristics of the projection optical system PL is not limited to the 
above described adjustment of the position and orientation of the lenses, but a parallel plate 330 can be provided on 
a side of the wafer W or of the reticle R of the projection optical system PL, and the position and orientation of the 
parallel plate can be adjusted via an un depicted drive unit. In this case, by using a parallel plate on which a minute 
roughness is formed on the surface, it is possible to correct especially non-rotational symmetric components of distor- 

40 tions among the aberrations that the entire projection system PL has. It is also possible to correct eccentric coma by 
providing a parallel plate on the wafer W side of the projection optical system PL and by adjusting its position in the Z 
axis direction and the angle of inclination of the parallel plate. 

[0095] In addition, as disclosed in Japanese Laid-Open Patent Application 9-329742, for example, the imaging char- 
acteristics of the projection optical system PL can be corrected by changing power of at least one of the surfaces of 
45 an optical member (e.g., the parallel plate 330 shown in Figs. 15-17) positioned in the optical path on the side of the 
wafer W or the reticle R of the projection optical system PL. In this case, the above-described power may be adjusted 
by replacing it with an optical member having a different power. By so doing, the field curvature aberrations can be 
well corrected without affecting telecentricity of the projection optical system PL. 

[0096] Moreover, for a method of correcting the imaging characteristics of the projection optical system PL, other 
so than the method for changing the position and/or orientation of the optical members, such as lenses and parallel plates, 
a technique is known which changes the wavelength of oscillation of the light source (laser source) of the exposure 
light. Japanese Laid-Open Patent Application 11^2012 and Japanese Laid-Open Patent AppGcation 2000-75493, 
for example, disclose a technique to reduce the changes in the imaging characteristics caused by changes in retractive 
index of air. Furthermore, techniques for positively correcting the imaging characteristics of a projection optical system 
55 by shifting the wavelength of oscillation of the light source are disclosed in, for example, Japanese Laid-Open Patent 
Application 7-245251. In Fig. 16, an exemplary structure of an excimer laser used in this embodiment is shown. By 
having Dght generated by a laser chamber 500 pass and return through prisms 501 and a reflection type diffraction 
grating 502, only light having a specified wavelength is selected and oscillated to narrow a band of its spectrum. The 
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laser beam having the narrowed band is irradiated from the laser chamber 500, and the wavelength thereof Is measured 
by a wavelength monitor 504 using an etaion or the Bke, via a half mirror 503. In addition, the wavelength of oscillation 
is changed by controlling the angle of the prisms 501 and/or the reflection type diffraction grating 502. Since the re- 
fractive index of the optical member changes due to changes in the wavelength of light and air pressure, by changing 
s the wavelength of oscillation of the laser beam such that the changes of refractive I ndex of a lens caused by the changes 
in, for example, the refractlvlty of air are cancelled, reduction of the imaging characteristics of the projection optical 
system can be controlled. 

[0097] Examples of correcting the imaging characteristics based upon the environment inside and outside of the 
projection optical system PL are described above. Using the method described above, imaging characteristics of the 
10 projection optical system that are changed when the illumination conditions change can be corrected. For instance, in 
Fig. 10, when changing the Illumination condition, a focal length of the zoom lens 44 and/or types of a switching revolver 
5 for an aperture stop of the illumination optical system is changed via an undepicted drive unit. In accordance with 
the operation for this change, the imaging characteristics of the projection optical system are changed using at least 
one of the above described first to third adjustment means, with this technique, the most optimum imaging character- 
is istics can be achieved according to the changes in the illumination conditions. In this case, it is preferable to predeter- 
mine the relationships between the illumination condition (shape and size of two-dimensional light source, o value, 
type of reticle, etc.) and the amount for driving the adjustment means. 

[0098] Trie method for correcting the imaging characteristics of the projection optical system PL explained above 
should be applied mainly for a purpose of further increasing the imaging characteristics of the projection optical system 

20 after substantially assembling the projection optical system and the projection exposure apparatus, in contrast, in the 
projection optical system, various adjustments are made such that desired imaging characteristics can be obtained at 
the initial stage of assembly or a stage where the assembly is performed for a certain level. For the adjustments 
performed from the assembly stage, there are, for example, adjustment of spaces between lenses, eccentric adjustment 
of lens groups structured from a plurality of lenses, adjustment of spaces between lens groups, and changing lenses. 

25 Because of this, the projection optical system has a structure in which the plurality of lenses structuring the projection 
optical system are held such that at least one of the position and orientation thereof is adjustable, so that various 
adjustments can be made. For the structure of the projection optical system, for example, a structure may be applied 
which includes lens barrel members separated such that each of them holds a plurality of lenses or one lens, and in 
which a washer, which is a thickness adjustment member, can be replaceablly inserted between adjacent lens barrel 

30 members. In this case, by replacing washers having different thickness, the position and orientation of a lens in the 
optical axis direction can be adjusted to correct the imaging characteristics of the projection optical system. Techniques 
related to correcting the imaging characteristics of the projection optical system using washers are disclosed in, for 
example, Japanese Laid-Open Patent Application 10-54932. 

[0099] Next, an example of an operation for obtaining a semiconductor device as a micro device by forming a pre- 
ss determined circuit patterns on a wafer using a projection exposure apparatus of the above embodiment is described 
with reference to a flow chart in Fig. 19. 

[0100] First, in step 801 in Fig. 19, a metallic film is deposited on a wafer of one lot In the next step 802, a photoresist 
is applied on the metallic film of the wafer of the lot. Then, in step S803, using the projection exposure apparatus of 
Fig. 10 equipped with any of the projection optical systems PL of the first to third embodiments, a pattern image on a 
40 reticle R is successively exposed and transferred onto each shot region on the wafer of the lot via the projection optical 
system PL. 

[0101] After development of the photoresist on the wafer of the lot is performed in step 804, by performing etching 
on the wafer of the lot using the resist pattern as a mask in step 805, circuit patterns corresponding to the patterns on 
the reticle are formed in each shot region of each wafer. After that, by successive formation of circuit patterns in layers 
45 and the like, a device such as a semiconductor element can be produced. Using the above described method of 
producing the semiconductor device, a semiconductor device that has extremely minute circuit patterns can be obtained 
with good throughput. 

[0102] Euxtherrnore, in the projection exposure apparatus of the above-described embodiments, by forming prede- 
termined circuit patterns on a plate (glass substrate), liquid crystal display elements may be obtained as a micro device. 

so An example of this operation is explained below with reference to a flow chart in Fig. 20. 

[0103] in Fig. 20, a so-called optical lithography process with which a pattern of a reticle is transferred and exposed 
onto a photosensitive substrate (e.g., a glass substrate having a resist applied thereto) using an exposure apparatus 
of this embodiment, is executed in a pattern forming process 901 . With this optical lithography process, predetermined 
patterns, including multiple numbers of electrodes, are formed on the photosensitive substrate. Then, after processing 

55 the exposed substrate with a development process, an etching process, a mask removing process and the like, pre- 
determined patterns are formed on the substrate, and the process moves to the next color filter forming process 902. 
[0104] Next, in the color filter forming process 902, a color filter in which multiple numbers of groups of three dots 
corresponding to R (red). G (green) and B (blue) are arranged in a matrix is formed. Then, after the color filter forming 
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process 902, a cell assembly process 903 is executed. 

[0105] In the cell assembly process 903. a liquid crystal panel (liquid crystal cell) is assembled using the substrate 
having the predetermined patterns obtained in the pattern forming process 901, the color filter obtained in the color 
filter forming process 902, and the like. In the cell assembly process 903, liquid crystal material is injected between 

5 the substrate having tfie predetermined pattern s obtained in the pattern forming process 901 and the col or filter obtained 
in the color filter forming process 902, for example, to produce a Squid crystal panel (liquid crystal cell). 
[0106] Then, in a module assembly process 904, each part, such as electric circuits and backlights, that execute 
display operations of the assembled liquid crystal panel (liquid crystal cell) are installed to complete a liquid crystal 
display element Using the above-described method for producing a liquid crystal display element, a liquid crystal 

10 display element having extremely minute circuit patterns can be obtained with good throughput. 

[0107] In the embodiment of Fig. 10, fly's eye lenses 43 and 46 are used as an optical integrator (unrformizer and 
homogenizer) in the illumination optical system. However, a micro fly's eye lens, in which a plurality of lens surfaces 
are formed on one substrate by a method such as etching, can be used. Moreover, instead of the first fly's eye lens 
43, a diffracrJve optical element can be used which forms circular, annular, and multipote illumination fields in the far 

is field (Fraunhofer diffraction region) by dispersing incident light by a diffraction operation. One type of this diffraction 
optical element that can be used is disclosed in, for example, U.S. Patent No. 5,850,300. When using the diffraction 
optical element the optical path delay optical system 41 may be omitted. 

[0108] Furthermore, as the optical integrator, an internal reflection type integrator (e.g. a rod integrator, a light pipe, 
and a light tunnel) can be used. When using this type of internal reflection type integrator, an irradiation surface of the 
20 internal reflection type integrator and the pattern surface of the reticle become substantially conjugate. Therefore, when 
applying the embodiment shown in Fig. 10, an illumination field stop (reticle blind) is positioned adjacent to the irradiation 
surface of the internal reflection type integrator, and the zoom lens 44 is structured such that the irradiation surface of 
the first fly's eye lens 43 and the incident surface of the internal reflection type integrator become substantially conju- 
gate. 

2 5 [0109] In addition, in the above first to third embodiments, a silica glass (synthesized silica) is used as a lens com- 
ponent in the projection optical system PL. The lens component in the projection optical system is preferably a fluoride 
material of at least two types selected from a group consisting of fluoride (CaF 2 , fluorif e). barium fluoride (BaF^. lithium 
fluoride (LiF), magnesium fluoride (MgF^, strontium fluoride (SrF 2 ), lithium calcium aluminum fluoride (LiCaAIF 6 ) and 
lithium strontium aluminum fluoride (LiSrAIFg). Here, the lithium calcium aluminum fluoride and the lithium strontium 

30 aluminum fluoride are compound fluorides among the compound fluorides which are called LICAF crystals, in which 
a trace element such as chrome and cerium, are not added. In addition, an anti-reflection coating can be provided on 
a lens surface of each lens component structuring the projection optical system PL of the above described first to third 
embodiments. Here, a first coating structured from three or less layers, preferably two or three layers, of films and 
having a small range of incident angles and high transmissrvity, and a second coating structured from four or more 

35 layers and having low transmissrvity and a large range of incident angles, can be applied as the anti-reflection coating. 
In these embodiments; by appropriately assigning the first coating and the second coating in accordance with the 
incident angle of the light beam to the lens surface of each lens component structuring the projection optical system 
PL (for example, by assigning the first coating on the lens surfaces having a narrow range of incident angle of the light 
beam and assigning the second coating on the lens surfaces having a wide range of the incident angle of the beam), 

*o uneven transmissrvity in the image field of the projection optical system and uneven ness within the angle of the light 
beam reaching each point in the image field of the projection optical system are reduced, even with a large numerical 
aperture and a large image field. In these embodiments, such assignment of the coatings is performed not only to the 
projection optical system but also to the illumination optical system. 

[0110] Moreover, in the embodiment shown in Fig. 10, a prism composed of a double refractive material (birefringence 
45 material) for preventing speckle can be positioned on the incident side of the first fly's eye lens 43. Such prism for 
preventing speckle is disclosed in. for example, US. Patent No. 5,253.110. When using light having a wavelength 
equal to or less than 180nm as the exposure wavelength, a prism formed of a crystal of magnesium fluoride (MgF 2 ) 
may be used instead of the crystal prism disclosed in U.S. Patent No. 5,253,110. 

[0111] A wedge type prism formed of this magnesium fluoride crystal is positioned such that a thickness of the prism 
50 gradually changes in a direction crossing the optical axis of the illumination optical system. Then, facing the wedge 
type prism formed of the magnesium fluoride crystal, a wedge type prism for correcting the optical path is positioned, 
such that their apex angles face an opposite side from each other. This wedge type prism for correcting the optical 
path has the same apex angle as the prism formed of the magnesium fluoride crystal and formed of a radiation trans- 
missive material that does not have double refractivity. Using this structure, light entering the prism and the light irra- 
55 dialed from the prism can have the same direction of progression. 

[0112] In addition, in the embodiment shown in Fig. 10, a step-and-scan type exposure apparatus is used. However, 
the exposure apparatus of this embodiment can be replaced with an exposure apparatus of a stitching or slit scan type. 
When using the stitching or slit scan type, by synchronously scanning a reticle and wafer in a predetermined first 
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direction mutually with respect to an Illumination region having a predetermined shape on the reticle, an exposure to 
regions in a first row on the wafer is performed. After that, by replacing the reticle or by moving the reticle by a prede- 
termined amount along a second direction orthogonal to the first direction of the above illumination region, the wafer 
is shifted in a direction conjugate with the second direction in the illumination region. THen, by synchronously scanning 

s the reticle and the wafer in the first direction mutually with respect to the illumination region having the predetermined 
shape on the reticle again, exposure to the regions on a second row on the wafer is performed. 
[01 13] In such exposure apparatus of the stitching or slit scan type, a pattern of a reticle can be exposed on a wafer 
larger than an exposure field of the projection optical system. Such stitching or sOt scan type exposure apparatus are 
disclosed in, for example, U .S. Patent No. 5,477304, Japanese Laid-Open Patent Application 8-330220, and Japanese 

10 Laid-Open Patent Application 10-284408. In the above-described embodiments, a batch exposure type that collectively 
transfers a pattern image on the reticle to predetermined shot regions on the wafer can be used. 
[01 14] In addition, in the embodiment shown in Fig. 1 0, one wafer stage that holds a wafer is provided as a workplace 
(photosensitive substrate). However, as disclosed in, for example, Japanese Laid-Open Patent Application 5-175098, 
Japanese Laid-Open Patent Application 10-163097, Japanese Laid-Open Patent Application 10-163098, Japanese 

15 Laid-Open Patent Application 10-163099 or Japanese Laid-Open Patent Application 10-214783, a structure may be 
used in which two wafer stages are provided. 

[0115] Furthermore, this invention may be applied not only to an exposure apparatus used for producing semicon- 
ductor elements but also to an exposure device used for producing displays including liquid crystal display elements 
in which device patterns are transferred onto a glass plate, an exposure apparatus used for producing thin film magnetic 
20 heads in which device patterns are transferred to a ceramic wafer, and/or an exposure apparatus used for producing 
image pickup elements (e.g., CCDs). This invention may be applied to an exposure apparatus that transfers circuit 
patterns to a glass substrate or to a silicon wafer for producing reticles and/or masks. 

[0116] Suitable embodiments to which this invention is applied are described with reference to the attached drawings. 

However, needless to say, this invention is not limited to such embodiments. It is obvious to those skilled in the art to 
25 consider various changes and modifications in the scope of technical concepts described in the claims, and it is, of 

course, appreciated that such changes and modifications are included in the technical scope of this invention. 

[0117] As described above, according to this invention, a projection optical system is provided that has a shorter 

glass path length and a fewer number of lens surfaces, and that maintains good imaging characteristics, not only at 

the initial state but also when the illumination conditions and/or environment change. 
30 [01 18] Furthermore, according to the embodiments of this invention, a projection exposure apparatus and a projection 

exposure method that can projection-expose pattern Images of an extremely minute projection original onto a workpiece 

can be provided to form minute circuit patterns with high resolution. 


35 Claims 

1. A projection optical system that projects an image on a first plane onto a second plane via a plurality of lenses, 
comprising: 

40 a first lens group arranged in an optical path between the first plane and the second plane and having a 

negative refractive power; 

a second lens group arranged in the optical path between the first iens group and the second plane and having 
a positive refractive power 

a third lens group arranged in the optical path between the second lens group and the second plane; 
45 a fourth lens group arranged in the optical path between the third lens group and the second plane; and 

a fifth lens group arranged in the optical path between the fourth lens group and the second plane and having 
a positive refractive power; 

wherein, in a direction from the first plane toward the second plane, an clear aperture of a lens surface or 
so an outer diameter of a lens in the projection optical system increases in the first iens group, changes from increasing 

to decreasing in the second lens group, changes from decreasing to increasing in the third lens group, and mo- 
notonicaliy decreases in the fifth lens group, and 

wherein a condition 

55 1.7<Mx2/Mn3<4 

is satisfied, wherein Mx2 is an clear aperture of a lens surface having the largest clear aperture, or outer diameter 
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of a lens having the largest outer diameter, In the second lens group, and Mn3 is an dear aperture of a lens surface 
having the smallest clear aperture, or an outer diameter of a lens having the smallest outer diameter, in the third 
lens group, and wherein at least one lens of the plurality of lenses is held such that at least one of a position and 
an orientation is adjustable r and 
5 a numerical aperture of the second plane of the projection optical system is equal to or more than 0.8. 

2. A projection optical system that projects an image on a first plane onto a second plane via a plurality of lenses, 
comprising: 

10 a first lens group arranged in an optical path between the first plane and the second plane and having a 

negative refractive power; 

a second tens group arranged in the optical path between the first lens group and the second plane and having 
a positive refractive power; 

a third lens group arranged in the optical path between the second lens group and the second plane and 
15 having a negative refractive power; 

a fourth lens group arranged in the optical path between the third lens group and the second plane; and 
a fifth lens group arranged in the optical path between the fourth lens group and the second plane and having 
a positive refractive power; 

20 wherein an clear aperture of a lens surface or an outer diameter of a lens of second through fourth lenses 

from the first plane among the plurality of lenses in the projection optical system monotonically increases; 

wherein, in a direction from the first plane toward the second plane, an clear aperture of a lens surface or 
an outer diameter of a lens in the projection optical system changes from increasing to decreasing in the second 
lens group, changes from decreasing to increasing in the third lens group, and monotonically decreases in the fifth 
25 lens group; 

wherein a condition 

0.77 < Mn4/Mx4 < 1 

30 

is satisfied, wherein Mx4 is an clear aperture of a lens surface having the largest dear aperture, or an outer diameter 
of a lens having the largest outer diameter, in the fourth lens group, and Mn4 is an dear aperture of a lens surface 
having the smallest dear aperture, or an outer diameter of a lens having the smallest outer diameter, in the fourth 
lens group; 

35 wherein at least one fens of the plurality of lenses is held such that at least one of a position and an orientation 

is adjustable; and 

a numerical aperture on the second plane of the projection optical system Is equal to or more than 0.8. 

3. The projection optical system according to claim 1 or 2, further comprising an aperture stop positioned between 
40 the third lens group and the second plane. 

4. A projection optical system that projects an image on a first plane onto a second plane via a plurality of lenses, 
comprising: 

45 a first lens group arranged in an optical path between the first plane and the second plane and having a 

negative refractive power; 

a second tens group arranged in the optical path between the first lens group and the second group and having 
a positive refractive power; 

a third lens group arranged in the optical path between the second lens group and the second plane and 
50 having a negative refractive power; 

a fourth lens group arranged in the optical path between the third tens group and the second plane and having 
an aperture stop in the optical path; and 

a fifth lens group arranged in the optical path between the fourth lens group and the second plane and having 
a positive refractive power; 

55 

wherein, an dear aperture of a lens surface of the plurality of lenses or an outer diameter of the plurality of 
lenses in the projection optical system has a relative maximum in the second lens group, becomes minimum in 
the third lens group, and a relative maximum in the third-fifth lens groups, and has only one significant minimum 
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between the first plane and the second plane, 

wherein at least one lens of the plurality of lenses is held such that at least one of a position and an orientation 
is adjustable, and 

a numerical aperture on the second plane of the projection optical system is equal to or more than 0.8. 

5 

5. The projection optical system of claim 5, wherein a gas lens arranged closest to the first plane among air lenses 
formed by the plurality of lenses in the projection optical system has a bl-convex shape. 

6. The projection optical system of claim 4 or 5 r wherein a condition 

10 

1.7<Mx2/Mn3<4 

is satisfied, wherein Mx2 is in an clear aperture of a lens surface having the largest clear aperture, or an outer 
15 diameter of a lens having the largest outer diameter, in the second lens group, and Mn3 is an clear aperture of a 

lens surface having the smallest clear aperture, or an outer diameter of a lens having the smallest outer diameter, 
in the third lens group. 

7. The projection optical system of any one of claims 4-6, wherein a condition 

20 

0.77 < Mn4/Mx4 < 1 

is satisfied, wherein Mx4 is in an clear aperture of a lens surface having the largest clear aperture, or an outer 
25 diameter of a lens having the largest outer diameter, in the fourth lens group, and Mn4 is in an clear aperture of a 

lens surface having the smallest clear aperture, or an outer diameter of a lens having the smallest outer diameter, 
in the fourth lens group. 

6. The projection optical system of any one of claims 1-7, wherein, at least one lens of each of the first to fourth lens 
30 groups is held such that at least one of a position and an orientation is adjustable. 

9. The projection optical system of any one of claims 1-7, wherein at least one lens positioned between the lens 
surface having the smallest clear aperture, or the lens having the smallest outer diameter, in the first plane, and 
the third lens group, and at least one lens positioned between the lens surface having the smallest clear aperture, 

35 or the lens having the smallest outer diameter, in the second plane, and the third lens group, are held such that 

at least one of a position and an orientation is adjustable. 

10. The projection optical system of any one of claims 1-9. wherein at least one tens positioned between the lens 
surface having the smallest clear aperture, or the lens having the smallest outer diameter, in the first plane, and 

40 the third lens group, and at least one lens positioned between the lens surface having the smallest clear aperture, 

or the lens having the smallest outer diameter, in the second plane, and the third lens group, has a lens surface 
that is rotationally asymmetrical with respect to an optical axis and is held such that at least one of a position and 
an orientation is adjustable. 

45 11. The projection optical system of any one of claims 3-7, wherein at least one lens of the plurality of lenses in the 
projection optical system positioned closer to the first plane than the aperture stop, and at least one lens of the 
plurality of lenses In the projection optical system positioned closer to the second plane than the aperture stop are 
held such that at least one of a position and an orientation is adjustable. 

so 12. The projection optical system of any one of claims 3-7, wherein at least one lens of the plurality of lenses in the 
projection optical system positioned closer to the first plane than the aperture stop, and at least one lens of the 
plurality of lenses In the projection optical system positioned closer to the second plane than the aperture stop, 
have a lens surface that is rotationally asymmetrical with respect to an optical axis, and are held such that at least 
one of a position and an orientation is adjustable. 

55 

13. The projection optical system of any one of claims 1-12, wherein 
the first lens group has at least one negative lens, 
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the second lens group has at least one negative lens and at least three positive lenses, 
the third tens group has at least two negative lenses, and 
the fifth lens group has at least four positive lenses. 

s 14. The projection optical system of any one of daims 1-13. wherein at least one lens of the plurality of lenses in the 
projection optical system has an aspherical shaped lens surface, 

15. The projection optical system of claim 14, wherein the lens having the aspherical shaped lens surface is held such 
that at least one of a position and orientation is adjustable. 

10 

16. The projection optical system of any one of claims 1-15. wherein the plurality of lenses in the projection optical 
system have at least a first aspherical lens having an aspherical lens surface, and a second aspherical lens having 
an aspherical lens surface, and 

a condition 

15 

0.8<D1fD2< 1.2 

is satisfied, wherein 01 is an clear aperture of a lens surface or an outer diameter of the first aspherical lens, 
20 and D2 is an dear aperture of a lens surface or an outer diameter of the second aspherical lens. 

17. A projection exposure apparatus that projects and exposes a pattern image provided on an original onto a work- 
piece, comprising: 

25 a light source that supplies exposure light; 

an illumination optical system that directs the exposure light from the light source to the pattern on the original; 
and 

the projection optical system of any one of daims 1-16, 
30 wherein the original is positioned on the first plane, and the workpiece is positioned on the second plane. 

18. A projection exposure method for projecting and exposing a pattern image provided on an original onto a workpiece, 
comprising the steps of: 

35 supplying exposure light; 

directing the exposure light to the pattern on the original; and 

projecting the pattern image on the original positioned on the first plane onto the workpiece positioned on the 
second plane using the projection optica) system of any one of claims 1-16. 
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